The stereochemistry of chlorophyll-c3 from the haptophyte Emiliania huxleyi: The (132R)-enantiomers of chlorophylls-c are exclusively selected as the photosynthetically active pigments in chromophyte algae  by Mizoguchi, Tadashi et al.
Biochimica et Biophysica Acta 1807 (2011) 1467–1473
Contents lists available at ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r.com/ locate /bbab ioThe stereochemistry of chlorophyll-c3 from the haptophyte Emiliania huxleyi:
The (132R)-enantiomers of chlorophylls-c are exclusively selected as the
photosynthetically active pigments in chromophyte algae
Tadashi Mizoguchi, Yuki Kimura, Taichi Yoshitomi, Hitoshi Tamiaki ⁎
Department of Bioscience and Biotechnology, Faculty of Science and Engineering, Ritsumeikan University, Kusatsu, Shiga 525-8577, JapanAbbreviations: BChl, bacteriochlorophyll; CD, circula
Chlide, chlorophyllide; COSY, correlation spectroscopy;
chlorophyllide oxidoreductase; ESI, electron spray ioniza
liquid chromatography; LHCs, light-harvesting comp
protochlorophyllide oxidoreductase; MS, mass; NIES, Nat
Studies; NMR, nuclear magnetic resonance; NOE, nuclear Ov
nuclear Overhauser enhancement spectroscopy; PChlide, pr
⁎ Corresponding author. Tel.: +81 77 561 2765; fax:
E-mail address: tamiaki@se.ritsumei.ac.jp (H. Tamiak
0005-2728/$ – see front matter © 2011 Elsevier B.V. Al
doi:10.1016/j.bbabio.2011.07.008a b s t r a c ta r t i c l e i n f oArticle history:
Received 24 May 2011
Received in revised form 15 July 2011
Accepted 15 July 2011
Available online 23 July 2011
Keywords:
Chlorophyll-c
Chiral HPLC
Enantiomer
Chromophyte algae
Light-harvesting complexesChlorophyll(Chl)-c pigments in algae, diatoms and some prokaryotes are characterized by the fully
conjugated porphyrin π-system as well as the acrylate residue at the 17-position. The precise structural
characterization of Chl-c3 from the haptophyte Emiliania huxleyi was performed. The conformations of the π-
conjugated peripheral substituents, the 3-/8-vinyl, 7-methoxycarbonyl and 17-acrylate moieties were
evaluated, in a solution, using nuclear Overhauser enhancement correlations and molecular modeling
calculations. The rotation of the 17-acrylate residue was considerably restricted, whereas the other three
substituents readily rotated at ambient temperature. Moreover, the stereochemistry at the 132-position was
determined by combination of chiral high-performance liquid chromatography (HPLC) with circular
dichroism (CD) spectroscopy. Compared with the CD spectra of the structurally related, synthetic (132R)-
and (132S)-protochlorophyllide(PChlide)-a, naturally occurring Chl-c3 had exclusively the (13
2R)-conﬁgu-
ration. To elucidate this natural selection of a single enantiomer, we analyzed the three major Chl-c pigments
(Chl-c1, c2 and c3) in four phylogenetically distinct classes of Chl-c containing algae, i.e., heterokontophyta,
dinophyta, cryptophyta and haptophyta using chiral HPLC. All the photosynthetic organisms contained only
the (132R)-enantiomerically pure Chls-c, and lacked the corresponding enantiomeric (132S)-forms.
Additionally, Chl-c2 was found in all the organisms as the common Chl-c. These results throw a light on the
biosynthesis as well as photosynthetic function of Chl-c pigments: Chl-c2 is derived from 8-vinyl-PChlide-a by
dehydrogenation of the 17-propionate to acrylate residues as generally proposed, and the (132R)-
enantiomers of Chls-c function as photosynthetically active, light-harvesting pigments together with the
principal Chl-a and carotenoids.r dichroism; Chl, chlorophyll;
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The photosynthetic processes of oxygenic organisms, i.e., algae,
plants, cyanobacteria and some other prokaryotes, are of major
environmental, economic and fundamental interests, because these
organisms absorb a major portion of CO2 on the earth [1]. All these
organisms contain chlorophyll(Chl)-a as the principal pigment with
two exceptions (Chl-d, the 3-formyl analog of Chl-a, in Acaryochloris
marina[2] and the 8-vinylated Chl-a in Prochlorococcus marinus[3])
[4]. Plants and green algae also contain Chl-b, the 7-formyl analog of
Chl-a, as the secondary Chl pigment, whereas some algae (oftenreferred to as chromophyte algae) contain Chl-c instead of Chl-b[4].
These secondary Chls are especially found in light-harvesting
complexes (LHCs) [5]. Due to the distribution in LHCs, the function
of Chl-c in photosynthesis has been simply described as an
enhancement of light absorption, particularly in the blue [6], since
the pigment shows shifted absorption maxima in comparison with
those of the principal Chl-a[7,8]. A more detailed study on Chl-c
pigments is desirable to understand the photosynthetic processes of
Chl-c containing organisms; these processes have been well docu-
mented for Chl-b containing organisms [9,10].
The major Chls-c are characterized by the fully conjugated
porphyrin π-skeleton and generally do not carry a long hydrocarbon
chain at the 17-acrylate substituent (17-CH=CH―COOH), whereas
Chl-a and bacteriochlorophyll(BChl)-a have partially saturated por-
phyrinoid moieties, chlorin and bacteriochlorin π-systems, respec-
tively, as well as long hydrocarbon chains at the 17-propionate
substituent (17-CH2―CH2―COOR, R=phytyl, etc.) [11]. A major
series of Chls-c is divided into c1-, c2- and c3-type categories, according
to their peripheral substituents at the 7- and 8-positions (see
Scheme 1) [7,8,11]. However, the structure of Chl-c3, which was
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Scheme 1. Proposed biosynthetic pathways of Chls-c (and Chls-a): (i) dehydrogenation; (ii) hydrogenation; (iii) oxidation (methoxycarbonylation); (iv) esteriﬁcation.
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Vesk and Jeffrey [12], was not fully determined in terms of the
positions of the peripheral substituents attached to the π-system, the
absolute conﬁguration at the 132-position and the conformation of
the unique 17-acrylate substituent.
Except for the 17-substituents, Chl-c1 and Chl-c2, deﬁned by their
8-substituents (the 8-ethyl group for Chl-c1 and the 8-vinyl for Chl-
c2), correspond to biosynthetic precursors of all (B)Chls in (an)oxy-
genic photosynthetic organism; these are 8-ethylated protochloro-
phyllide(PChlide)-a and its 8-vinyl analog (see Scheme 1) [13–15].
The key step in the biosynthesis of Chl-a, partial hydrogenation of (8-
vinyl-)PChlide-a at the ring-D (see Scheme 1), was catalyzed by light-
dependent and dark operative protochlorophyllide oxidoreductases,
LPOR [16] and DPOR [17], depending on the organisms, respectively.
Based on the structural similarities, Chls-cwere used as the substrates
for the enzymatic assays. Interestingly, stereochemical and/or
structural speciﬁcity apparently demonstrated that neither the
(132S)-epimer of PChlide-a nor structurally related Chls-c1/c2 was a
substrate for these enzymes [17,18]. However, no quantitative
analyses of the stereochemistry at the 132-position of Chls-c had
been performed due to difﬁculty in the high-performance liquid
chromatography (HPLC) separation of a pair of the enantiomers until
our recent report [19]. Moreover, recent X-ray crystallographic study
of DPOR with PChlide-a apparently demonstrated that the conforma-
tion of the 17-substituent around the single C17―C171 bond has an
important role in the hydrogenation at the ring-D in PChlide-a to
Chlide-a[17], while information on the conformation of the π-
conjugated acrylate in Chls-c around the C17―C171 bond was quite
limited [20].
The stereochemistry of (8-vinyl-)PChlide-a had been tentatively
assigned to be the (132R)-conﬁguration, since mature (8-vinyl-)Chl-a
had the (132R)-conﬁguration, except for its rare (132S)-form in
reaction centers [21]; later, the absolute conﬁguration of PChlide-a
was determined by its crystallographic analysis [17]. PChlides-a and
almost all Chls-c have their sole chiral center at the 132-position, so
the epimeric (132R)- and (132S)-stereoisomers are enantiomers, thatis, mirror images of each other [18]. On the other hand, almost all
naturally occurring Chl pigments, Chls-a/b/d and BChls-a/b/g, have
chiral centers with (17S,18S)-absolute conﬁgurations in addition to
the chiral 132-position, so these diastereomeric (132R)- and (132S)-
isomers were readily separated by conventional achiral-phase HPLC
[21] and were well characterized by various spectroscopic methods
[22].
In the ﬁrst part of this study, we fully conﬁrmed the molecular
structure of Chl-c3 from the haptophyte Emiliania huxleyi, together
with the characterization of the absolute conﬁguration at the 132-
position and the conformation of the π-conjugated 17-acrylate
residue, using nuclear Overhauser enhancement (NOE) correlations
in NMR and chiral HPLC in combination with circular dichroism (CD)
spectra. In the second part, we analyzed the 132-conﬁgurations of the
three major Chl-c pigments in four phylogenetically distinct classes of
Chl-c containing algae by chiral HPLC, in order to evaluate natural
selection of the 132-enantiomers quantitatively.
2. Materials and methods
2.1. General methods
Electronic absorption and CD spectra were measured by a Hitachi
U-3500 (Hitachi, Ltd., Tokyo, Japan) and a JASCO J-720W (JASCO,
Corp., Hachioji, Japan) spectrophotometer, respectively, in THF or
Et2O. Optical density was about 1 at 10 mm path at the Soret
absorptionmaximum. 1H-NMR spectra weremeasured by a JEOL ECA-
600 NMR spectrometer (JEOL, Ltd., Akishima, Japan) in THF-d8
(Euriso-top, Saclay, France) at room temperature. A set of assignments
of 1H signals was obtained using 1H–1H correlation spectroscopy
(COSY) and nuclear Overhauser enhancement spectroscopy (NOESY)
(τm=600 ms) spectra. All solvents were commercially available and
were used without further puriﬁcation. HPLC was performed using a
Shimadzu liquid chromatograph system comprising a CBM-20A
system controller, a LC-20AD pump and a SPD-M20A photodiode
array detector (Shimadzu, Kyoto, Japan). Mass (MS) spectra were
Fig. 1. Molecular structure of Chl-c3 together with the observed NOE correlations by
arrows (a). The numbering of carbon atoms is shown in the structure. Partial structures
of a pair of rotamers of the 17-acrylate residue (b) and enantiomers at the chiral 132-
position (c).
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electron spray ionization (ESI) probe.
2.2. Preparation of an enantiomeric mixture of Chl-c3
Emiliania huxleyi (haptophyta) was obtained from the National
Institute for Environmental Studies (NIES, Tsukuba, Japan) (culture
code, NIES-837). The active culture was inoculated intoMNKmedium.
The culture was then grown aerobically in an incubator (model LH-
70LED-DT, Nippon Medical & Chemical Instruments Co., Ltd., Osaka,
Japan) at 20 °C under light conditions (20–30 μmol·m−2·s−1) with a
light (12 h) and dark (12 h) cycle. Chl-c3 was extracted from the
cultured and centrifugated cells using a mixture of chloroform and
pyridine by the method reported previously [20]. Due to the rapid
isomerization at the 132-position in the presence of pyridine [19,23],
Chls-c thus extracted were a mixture of the enantiomers. As Emiliania
huxleyi produced both Chl-c2 and Chl-c3 as the major Chl-c pigments,
Chl-c2 and Chl-c3 were efﬁciently isolated from the above extract by
achiral-phase HPLC as described [20]: column, Inertsil ODS-P
(10×250 mm; GL Sciences Inc., Tokyo); eluent, methanol : aceto-
nitrile: 50 mM ammonium acetate (pH 5.25)=400:75:25 (v/v/v);
ﬂow rate, 2.0 mL/min.
Chl-c3:λmax(THF)/nm ~636 (relative intensity, 0.02), 595 (0.11)
and 461 (1.00); λmax(Et2O)/nm ~623 (relative intensity, 0.03), 584
(0.11) and 451 (1.00); δH (600 MHz; THF-d8; Me4Si) 11.12 (1H, s, 5-
H), 10.43 (1H, s, 10-H), 10.01 (1H, s, 20-H), 9.08 (1H, d, J=16 Hz, 171-
H), 8.48 (1H, dd, J=11.5, 18 Hz, 81-H), 8.30 (1H, dd, J=11.5, 18 Hz,
31-H), 7.01 (1H, s, 132-H), 6.77 (1H, d, J=16 Hz, 172-H), 6.53 (1H, d,
J=18 Hz, 32-H trans to C31–H), 6.41 (1H, d, J=18 Hz, 82-H trans to
C81–H), 6.31 (1H, d, J=11.5 Hz, 82-H cis to C81–H), 6.13 (1H, d,
J=11.5 Hz, 32-H cis to C31–H), 4.34 (3H, s, 7-COOCH3), 3.83 (3H, s,
12-CH3), 3.80 (3H, s, 132-COOCH3), 3.73 (3H, s, 18-CH3), 3.69 (3H, s,
2-CH3) [172-COOHwas not identiﬁed due to the fast exchange with a
trace contaminant H2O in the solvent]; MS(ESI) found: m/z 687.0,
calculated for C36H28N4O7MgCl: [M+Cl]−, 687.1.
2.3. Extraction of non-isomerized Chls-c
As reported earlier [19,23], Chl-c molecules were readily isomer-
ized at the chiral 132-position, especially in a basic solution. To inhibit
the isomerization, Chls-c were carefully extracted by the method
described previously [19]. Brieﬂy, a mixture of acetone and aqueous
25 mM ammonium acetate solution (pH 5.25) [2:8 (v/v)] was added
to the harvested cells and mixed using a vibrator. Diethyl ether and
then distilled water were added to transfer the Chl-c component to
the ether layer for collection. The ether containing Chls-c was
evaporated to dryness by a stream of nitrogen gas.
2.4. Chiral HPLC analyses
Chiral HPLC was performed under isocratic reverse-phase condi-
tions as described [19] with a slight modiﬁcation: column, CHIRALPAK
IC (4.6×250 mm; Daicel Chemical Industries, Ltd., Osaka); eluent,
methanol:acetonitrile:aqueous 100 mM ammonium acetate solution
(pH 5.25)=1:2:2 (v/v/v); ﬂow rate, 0.5 mL/min.
2.5. Algal cultures
Heterokontophyta: commercially available Chaetoceros calcitrans (a
diatom) was purchased fromMarinetech Co., Ltd. (Yokohama, Japan).
Another sample of Chaetoceros calcitrans and gracilis (diatoms) was
purchased from WDB Environmental & Biological Research Institute
Co., Ltd. (Tokushima, Japan). Achnanthidium minutissimum (a diatom)
was obtained from NIES (culture code NIES-71) and was cultured
similarly to Emiliania huxleyi (see above), except for the culture
medium of CSi. A brown alga, Cladosiphon okamuranus (OkinawaMozuku in Japanese) was provided by Drs. H. Hashimoto and R. Fujii
at Osaka City University (Osaka) and Dr. M. Iha at South Product Co.,
Ltd. (Okinawa, Japan). A golden alga, Synura sphagnicola Korshikov
(NIES-696, the culture medium of AF-6) was cultured similarly to
Emiliania huxleyi.
Dinophyta: Symbiodinium sp. was provided by Dr. A. Murakami
at Kobe University (Hyogo, Japan).
Cryptophyta: Cryptomonas tetrapyrenoidosa Skuja (NIES-281, the
culture medium of VT) was cultured similarly to Emiliania huxleyi.
Haptophyta: Emiliania huxleyi (NIES-837) was cultured as de-
scribed in Section 2.2.3. Results and discussion
3.1. Molecular structures of Chls-c
Fig. 1(a) depicts the molecular structure of Chl-c3 from Emiliania
huxleyi. The pigment is characterized by the 7-methoxycarbonyl and
8-vinyl groups. The structures of the other major types of Chl-c
molecules, Chl-c1 and Chl-c2, are shown in Scheme 1. The numbering
of carbon atoms is also shown in Fig. 1(a). Chl-c3 was ﬁrst isolated
from the heterokontophyte, Pelagococcus subviridis[12]. The optical
Fig. 2. An achiral-phase HPLC proﬁle for the extract containing Chl-c2 and Chl-c3 from
Emiliania huxleyi (a). Artifacts encountered during handling of materials are indicated
by an asterisk. The electronic absorption spectra of the isolated Chl-c2 (dotted) and Chl-
c3 (solid) are shown in THF (b). The absorbances are normalized at the Soret maxima.
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followed by Jeffrey and her co-workers, using fast atom bombardment
MS and one-dimensional NMR spectra [24,25]. The following points,
however, were not unequivocally determined. (1) The positions of the
8-vinyl and 12-methyl groups (the two groups were interchange-
able). (2) The conformation of the 17-acrylate residue: two different
conformations, cisoid and transoid (or s-cis and s-trans), were
considered as shown in Fig. 1(b) (the C171=C172 bond toward the
same side as the C17=C18 is deﬁned as “cisoid” in this study). (3) The
absolute conﬁguration at the 132-position [(132R)- or (132S)-
conﬁgurations as shown in Fig. 1(c)]. In our previous study, the
structures including the stereochemistry as well as the conformations
of Chl-c1 and Chl-c2 isolated from a commercially available diatom
Chaetoceros calcitrans had been established by 1H-/13C-NMR, CD and
chiral HPLC [19,20]: both Chl-c1 and Chl-c2 had the (132R)-
conﬁguration at the 132-position and the cisoid-conformation of the
17-acrylate residue.
3.2. The “rotamers” of peripheral substituents conjugated to the
porphyrin π-skeleton
Fig. 1(a) summarizes the 1H–1H NOE correlations observed for
Chl-c3 in THF-d8 at room temperature by arrows. These NOE
correlations clearly established the positions of the peripheral groups
attached to the porphyrin π-system. The following sequential NOE
correlations, 5-H→7-CO2CH3→81-H→10-H→12-CH3, assured that
the vinyl and methyl groups were actually situated at the 8- and 12-
positions, respectively, as expected [25]. The assignment of each 1H
signal is summarized in Section 2.2. The representative 1H-NMR and
NOESY spectra are shown in Figs. S1 and S2, respectively.
To determine the conformation of the unique 17-acrylatemoiety in
Chl-c3 as shown in Fig. 1(b), we carefully examined the 1H-1H NOESY
spectrum. The NOE correlations, 171-H↔132-H, 171-H↔132-
CO2CH3 and 172-H↔18-CH3, were apparent, indicating that the 17-
acrylate took the cisoid-conformation (see Fig. S2 for the NOESY
spectrum in THF-d8 at room temperature). Almost no detectable NOE
correlations ascribed to the transoid-conformation [shown in the right
drawing of Fig. 1(b)] could be observed under the present conditions
for NMRmeasurements. This strongly indicates that the rotation of the
acrylate is considerably restricted under the time scale of NMR
measurements (μsec order) at room temperature, whereas the
rotation of the other π-conjugated 3-/8-vinyl and 7-methoxycarbonyl
substituents was conﬁrmed by the NOE correlations originating from
the two different rotamers: 32-H (trans to C31-H)↔2-CH3, 31-H↔2-
CH3, 32-H (trans to C31-H)↔5-H, and 31-H↔5-H for the 3-vinyl
group as an example [see Figs. 1(a) and S2]. These results are
compatible with those of the other Chls-c, Chl-c1 and Chl-c2, as
determined previously [20].
To rationalize the above conformations of the peripheral substituents
conjugated to theporphyrinπ-system,weperformedmolecularmodeling
calculations using aMM+/PM3method. The energy-minimized structure
is shown in the left of Fig. S3. The calculated structure corresponded to the
cisoid-conformer of the 17-acrylate as shown in the left drawing of Fig. 1
(b), indicating that the cisoidwas themost energetically stable conformer.
The conformation rotated at 180°, corresponding to the transoid-
conformation, exhibited 7.1 kcal·mol−1 higher energy than that at 0°
(cisoid) (see Supporting Information). The energies for the two different
rotamers of the 3-/8-vinyl and 7-methoxycarbonyl groups were calculat-
ed similarly. The differences (ΔE) between the 0° and 180° orientations
(these structures are shown in Fig. S3) were much smaller than those of
the 17-acrylate:ΔE=1.2, 1.1 and0.1 kcal·mol−1 for the 3-/8-vinyl and7-
methoxycarbonyl rotamers, respectively. These afforded the two
conformers in a solution at room temperature, and the calculated
results are consistent with those observed in NMR experiments as
mentioned above. Details of the molecular calculations are shown in
Supporting Information.3.3. The absolute conﬁguration at the 132-position
Fig. 2(a) shows an achiral-phase HPLC proﬁle for a mixture of Chl-
c2 and Chl-c3 extracted from the cells of Emiliania huxleyi under
pyridine-used, basic conditions. The ﬁrst and second eluted peaks
were assigned to Chl-c3 and Chl-c2, respectively, by their electronic
absorption, 1H-NMR and ESI-MS data. The absorption spectra of Chl-c2
and Chl-c3 are shown in Fig. 2(b) and are consistent with those
reported previously [7]. Due to the presence of pyridine in the
extracts, both Chl-c2 and Chl-c3 were readily isomerized at the 132-
position and were optically inactive. Chls-c thus extracted were
assumed to be 1:1 enantiomeric mixtures. The racemic forms were
conﬁrmed by little CD signals over the absorption region from 300 to
800 nm (vide infra). Chl-c2 and Chl-c3 were fractionated by the
achiral-phase HPLC and each separated component was then
subjected to the following chiral-phase HPLC.
Fig. 3(a) shows chiral HPLC proﬁles for Chl-c2 (dotted) and Chl-c3
(solid) fractionated from the above extract. Twowell-separated peaks
at the retention times of 13 and 18 min for Chl-c3 and at 21 and
28 min for Chl-c2 were detected. These peaks are tentatively termed
peaks #1, #2, #3 and #4 in the order of elution. Two 1:1 pairs of peaks,
#1/#2 and #3/#4, exhibited identical absorption (vide infra), which
were characteristic of those of Chl-c3 and Chl-c2, respectively, as
shown in Fig. 2(b). Thus, each pair of peaks separated by chiral HPLC
was assumed to be a pair of enantiomers. This was consistent with the
following NMR observation: no satellite proton peaks originating
from any contaminant components were observed for either isolated
Chl-c2 or Chl-c3, whereas a pair of 132-epimers of (B)Chl molecules,
which have additional chiral centers at the 17- and 18-positions, gave
a set of the satellite proton peaks originating from the different
conﬁgurations at the 132-position [21]. The NMR spectrum of Chl-c3
before chiral-HPLC separation (racemate) is shown in Fig. S1.
In previous reports on the 132-conﬁguration of Chls-c, the (132R)-
conﬁguration [at left in Fig. 1(c)] was demonstrated to be dominant
for Chl-c1, Chl-c2 and Chl-c3 extracted from natural organisms based
Fig. 3. Representative chiral HPLC proﬁles of racemic Chl-c2 (dotted) and Chl-c3 (solid)
(a) and a non-isomerized extract from the cells of Emiliania huxleyi (b). Artifacts
encountered during handling of materials are indicated by asterisks.
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separation of the stereoisomers had been performed until the recent
report of a chiral HPLC separation of a pair of the 132-enantiomeric
Chls-c1/c2[19]. To distinguish the pair of enantiomers proposed above,
we measured their CD spectra. Fig. 4 shows the CD (a) and electronic
absorption (b) spectra of the chiral-HPLC isolated peaks of Chl-c3 in
Et2O (the spectra of Chl-c2 are shown in Fig. S5). Peaks #1 and #2 in
Fig. 3(a) gave the solid and dotted lines in Fig. 4, respectively. The
absorption spectra of each peak were essentially the same as seen in
Fig. 4(b). The CD signals observed for each peak showed almostmirror
images, except for the signals at around the Q bands, ~ 600 nm. These
results supported the idea that the chiral-HPLC separated peaks were
a pair of enantiomers. Peak #1 (#2) exhibited positive (negative) CDFig. 4. CD (a) and electronic absorption (b) spectra of the enantiomers of Chl-c3, in Et2O,
isolated by chiral-phase HPLC: (132R)- (peak #1) and (132S)-isomers (peak #2) are
indicated by the solid and dotted lines, respectively. The CD spectrum before chiral
HPLC separation (a racemate) is also shown by the dashed line.signals over the region from 300 to 500 nm and relatively weak
reverse S-shaped (positive) signals at around 600 nm. The CD spectra
of synthetic (132R)- and (132S)-PChlides-a were reported earlier
[18,23], and the (132R)-form [(132S)-form] gave strong positive
(negative) at the Soret band and weak S-shaped (reverse S-shaped)
signals at the Q bands. Based on the reported intrinsic CD signals for
the structure-related PChlide-a, the ﬁrst eluted peak #1 on the
present chiral HPLC was assigned to have the (132R)-conﬁguration,
and the second peak #2 the corresponding (132S)-conﬁguration. The
CD spectrum before chiral HPLC separation is also shown by the
dashed line in Fig. 4(a), indicating that Chl-c3 extracted under
pyridine-used (basic) conditions was optically inactive.
Consequently, the present chiral HPLC separated peaks #1 and #2
are unambiguously assigned to be Chl-c3 and Chl-c3′, respectively, in
the order of elution: the prime mark (′) indicates a prime-type Chl
molecule possessing the asymmetric (132S)-carbon atom. Similarly,
peaks #3 and #4 are assigned to be Chl-c2 and Chl-c2′, respectively
(see Fig. S5). Details in the characterization of Chl-c2 and Chl-c2′,
together with those of Chl-c1 and Chl-c1′, are described in our
previous report [19]. It is noted that the elution order of Chl-c1 and
Chl-c1′ is reversed in those of Chl-c2 and Chl-c3 on the present chiral
HPLC.
3.4. Exclusive observations of the (132R)-enantiomers of Chls-c in four
phylogenetically distinct classes of Chl-c containing algae
To elucidate natural selection of the 132-enantiomers of Chls-c, we
investigated several Chl-c containing algae by chiral HPLC. The algae
containing Chl-c (= chromophyte algae) belong to four phylogenet-
ically distinct groups: heterokontophyta, dinophyta, cryptophyta and
haptophyta [26,27]. As heterokontophyta includes a great diversity of
algal groups, ranging in size frommicrometers in planktons to meters
in seaweeds, here we analyzed ﬁve species (six strains) of hetero-
kontophytes. Fig. 3(b) shows the chiral-HPLC proﬁle of the Chl-c2 and
Chl-c3 extracted under non-epimerizing conditions from the hapto-
phyte Emiliania huxleyi as an example (under nearly neutral
conditions, see Section 2.3). Compared with the proﬁles of a racemic
mixture of Chl-c2 or Chl-c3 as shown in Fig. 3(a), both Chl-c2 and Chl-
c3 from the non-isomerized extract exhibited a single peak corre-
sponding to their ﬁrst peaks [the (132R)-enantiomers]. The results
appeared to show the exclusive presence of the (132R)-enantiomers
in Emiliania huxleyi. Similarly, we analyzed the enantiomers of the two
major Chl-c pigments (Chl-c1 and c2) from the other seven species
(eight strains) of chromophyte algae as shown in Table 1. All Chl-c
molecules investigated here had the (132R)-conﬁgurations, exclu-
sively. The results are summarized in the right column of Table 1, and
each chiral-HPLC proﬁle is shown in Fig. S6 as Supporting Information.
The presence of the (132S)-forms of naturally occurring Chls-c in
chromophyte algae is disproved, indicating that only the (132R)-
enantiomers of Chls-c act as accessory light-harvesting, that is
photosynthetically active pigments together with the Chl-a. Four
photosynthetically active (132S)-forms of (B)Chlmolecules have been
unequivocally identiﬁed, which occur only in reaction centers of type
I: Chl-a′, Chl-d′ in oxygenic and BChl-a′ and BChl-g′ in anoxygenic
photosynthetic organisms [21]. These (132S)-forms are probably the
components of the primary electron donor [28]. The present result is
compatible with the exclusive natural selection of the (132R)-form of
the other secondary pigment, Chl-b, found in other LHCs where Chl-a
is also the principal pigment.
The present stereochemical analyses strongly indicate that Chl-c2
derives from 8-vinyl-PChlide-a by dehydrogenation of the 17-
propionate to acrylate residue, since PChlide-a also has the (132R)-
conﬁguration [18]. In addition to the stereochemical retention
between PChlide-a and Chl-c, all the organisms investigated here
contained Chl-c2 as their common Chl-c pigment (see Table 1). Few
organisms containing only Chl-c1 have been reported [7,29,30]. As
Table 1
Stereochemistry at the 132-position of Chls-c in four phylogenetically distinct classes of
Chl-c containing algae determined by chiral-phase HPLC.
Division Strain Type of
major Chls-
c
Stereochemistry at
the 132-position
Heterokontophyta Chaetoceros calcitransa c1 Rc
c2 R
c
Chaetoceros calcitransb c1 R
c2 R
Chaetoceros gracilisb c1 R
c2 R
Achnanthidium
minutissimum (NIES-71)
c1 R
c2 R
Cladosiphon okamuranus
(Okinawa Mozuku)
c1 R
c2 R
Synura sphagnicola
Korshikov (NIES-696)
c2 R
Dinophyta Symbiodinium sp. c2 R
Cryptophyta Cryptomonas
tetrapyrenoidosa (NIES-
281)
c2 R
Haptophyta Emiliania huxleyi c2 R
(NIES-837) c3 R
a Purchased from Marinetech Co., Ltd.
b Purchased from WDB Environmental & Biological Research Institute Co., Ltd.
c Determined in our previous study [19].
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analogs of Chl-c2, respectively, we speculate that Chl-c2 is the
common precursor in the biosynthesis of Chl-c pigments in
chromophyte algae: Chl-c1 and Chl-c3 would then be produced after
the formation of Chl-c2 by hydrogenation at the 8-vinyl group and by
methoxycarbonylation at the 7-position, respectively, as shown in
Scheme 1. It is most likely that the former dehydrogenation is similar
to that of 8-vinyl-(P)Chlide-a to (P)Chlide-a, and the latter oxidation
is reminiscent to that of Chl-a to Chl-b.
4. Conclusions
The precise structural characterization in terms of the stereochem-
istry at the chiral 132-position and the conformation of the 17-acrylate
was demonstrated for Chl-c3 from Emiliania huxleyi. Chl-c3 had the
(132R)-conﬁguration as generally found in other Chl pigments, and took
the cisoid-conformation of the 17-acrylate residue in a solution. The
rigid planar structure of the acrylate around ring-D probably causes the
inhibition of DPOR reaction creating green Chl pigments (hydrogenation
at ring-D). This is consistent with the X-ray crystal structure of DPOR
with PChlide-a: the mobility of the 17-substituent (the propionate in
PChlide-a) is essential to the hydrogenation, since the carboxy group in
the propionate is one of the proton donors for the hydrogenation [17].
The common natural selection of a single enantiomer of Chls-c was
demonstrated by the exclusive observation of the (132R)-enantiomers
of the major Chl-c pigments in four phylogenetically distinct classes of
Chl-c containing organisms by chiral HPLC. Characterization of
enantiomeric, not diastereomeric, Chl pigments using chiral HPLC is
one of the useful and convenient tools to elucidate their function and
biosynthesis in photosynthesis.
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